We demonstrate significant shifting of the fundamental bandgap of a hollow-core Bragg fiber by systematically filling the core with liquids of various refractive indices. Comparison with theory demonstrates the importance of considering material dispersion. 
Introduction
Air-core Bragg fibers (cylindrically symmetric photonic bandgap fibers with a 1-D binary layered cladding and a hollow core) have recently attracted much interest for their suitability for applications such as precision infra-red high-power delivery [1] . However, until recent work on surface-emitting fiber lasers (SEFLs) [2] , Bragg fibers have primarily been considered only with an air core. As recently discussed [3] , the structure of this type of fiber permits bandgap guidance within any core material with a refractive index from 1 up to that of the lowest cladding layer index. By increasing the refractive index of the core by, say, filling it with various liquids, the core light-line is able to intercept different regions of the cladding bandgap spectrum, typically shifting the transmission window to shorter wavelengths and altering the supported bandwidth [3] .
These principles also apply [3] to hollow-core Integrated-ARROW planar waveguides [4] which have attracted much interest recently. The dimensions of these waveguides make them ideal for applications to sensing and microfluidics [4] . By virtue of the similarities of the two types of waveguide [3] , any results pertaining to the spectral properties of filled Bragg fibers will translate similarly to Integrated-ARROWs.
To the best of the Authors' knowledge, there has not yet been a systematic study on the effect filling the hollow core of a Bragg fiber with liquids of various refractive indices. Here we present such a study and demonstrate how the spectral behavior of a particular Bragg fiber is altered when filled with various liquids. The results are in reasonable agreement with that expected from theory. Such low-loss liquid-core fibers would have applications in sensing [4] , microfluidics [4] , novel nonlinear devices [5] and SEFLs [2] .
Experimental Results
The 15cm lengths of Bragg fiber used consist of a large (330µm diameter) hollow core, surrounded by a periodic cladding with 9 pairs of alternating layers of Arsenic Trisulphide (As2S3) glass and Poly-Ether Imide (PEI) polymer of approximate thicknesses 76nm and 124nm respectively. The cladding was terminated by a thick jacket of PEI producing a total outer diameter (OD) of 585µm. The first and final As2S3 layers of the cladding are designed to be half the thickness of the others in an attempt to minimise surface states. Importantly, in the regimes of interest here, As2S3 and PEI have non-negligible material dispersion, Fig (2)(c) show the calculated bandgap spectrum (effective modal refractive index vs. wavelength) with and without the layer material dispersion incorporated; the TM gaps lie in the white regions whereas the TE gaps lie in the white and grey regions.
In order to fill the fiber and measure the transmitted spectra, we employed a hermetically sealed filling setup in which, once the fiber itself is filled, the fiber ends are suspended in a reservoir of the liquid. The reservoir is terminated by transparent windows permitting free-space in-and out-coupling of light to and from the filled fiber. The light lauched into the fiber was from a supercontinuum white-light source from Koheras (the SuperK TM Compact). The liquids used to fill the fiber were 'Immersion Liquids' from Cargille with refractive indices 1.4019, 1.4620 and 1.5780 (all standardised at a wavelength of =589.3nm).  Fig. (2)(b) shows the measured transmission spectra of the fiber when filled with each liquid (peaks 1 through 3) and when empty (peak 4). There is a clear trend followed by the set of peaks: as the core index increases the transmission wavelength monatonically decreases, almost covering the whole visible spectrum (peaks 1 through 4 are centered on wavelengths of approximately 500nm, 533nm, 555nm and 700nm, respectively), and the peak width initially decreases then increases again. This behavior coincides with what is qualitatively expected of the fundamental TM bandgap, such as in Figs. (2)(a) and (2)(c). It is expected that the TM gap dominates the transmission spectrum since the input source is randomly polarised; light beyond the edges of the smallest bandgap will thus be attenuated most (the TM gap always lies within the TE for modes in the region of interest here [1, 3] ).
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Comparison with Theory and Conclusion
It is well known that the cladding of a Bragg fiber can be approximated as a planar Bragg stack [1] [2] [3] with the cladding bandgaps obtained from a Bloch-wave analysis [3] . However, such analyses typically assume the cladding layer indices are constant. We demonstrate that in the regimes discussed here, the material dispersion is nonnegligible, Fig. (1) , and must be taken into account for any meaningful comparison with experiment. Close agreement is achieved between the TM band edges (with layer material dispersion), Fig. (2)(a) , and the transmission peaks of the filled and unfilled Bragg fiber, Fig. (2)(b) . The agreement of the middle two peaks is poorer than that of the outermost, likely due to insufficient precision of the estimated fiber layer thicknesses and dispersion properties of the liquids (each liquid is only standardised at =589.3nm); the smaller gaps in that region are relatively more sensitive to perturbations to fiber parameters.
In conclusion, we have experimentally demonstrated the shifting of a Bragg fiber's transmission spectrum by filling the core with liquids of various refractive indices. Reasonable agreement with what is expected from a Bloch-wave based analysis was achieved only when the material dispersion of the layers was incorperated. A more precise analysis will be presented following detailed measurements of the fiber and liquid properties as discussed. These results verify some of the key features of liquid-filled Bragg waveguides discussed in [3] which are important for the application of liquid-core Bragg fibers to sensing, microfluidics, novel nonlinear devices and SEFLs.
